INTRODUCTION
The balance between efficient operation and system safety is important in many areas, including airspace management. Collision risk modeling allows users to take advantage of technological advancements to increase efficiency and airspace capacity while maintaining or improving the level of safety within the airspace.
In this paper, we develop and apply a collision risk model (CRM) to a simulated system of traffic. The variable system parameters are reduced lateral separation between routes, increases in traffic density, and varying traffic composition in terms of RNP type. In the model, the RNP-type of an aircraft is directly linked to lateral overlap probability and minimum longitudinal separation standard. The resulting risk assessment is compared to the Target Level of Safety (TLS) established by the International Civil Aviation Organization (ICAO) to determine if the projected systems meet safety requirements.
Traffic in the Northern Pacific Airspace includes flights between North America and Asia. Air Traffic Control (ATC) in this region is managed by the Anchorage, Oakland, and Tokyo Air Route Traffic Control Centers (ARTCC). Although there are six track systems in the Pacific Oceanic Airspace, this research focuses on two: the North Pacific route system (NOPAC) and the Pacific Organized Track System (PACOTS). The NOPAC is a fixed track system, while the PACOTS is flexible meaning that the tracks are generated daily based on weather conditions and forecasts.
The Dynamic Oceanic Track System (DOTS) generates the PACOTS tracks to take advantage of the Jet Stream tailwinds eastbound, and avoid negative interference westbound thus allowing generally more efficient routes. Commonly one track in the system will be considered the preferred track by most operators for specific pairs of origin and destination cities due to its placement with respect to the Jet Stream.
Aircraft are separated in three directions: lateral, vertical and longitudinal. The establishment of tracks reflects the need to keep aircraft separated in the lateral (wingtip to wingtip) direction. If the lateral separation standard between two aircraft is 50 NM they may be placed on adjacent tracks separated by at least 50 NM.
Similarly, the need for separation in the vertical direction is reflected in the use of flight levels (FL), meaning simply that an aircraft is approved to fly at a certain altitude until cleared for a change to another level. Since the vertical separation minimum in the Pacific is 1,000 feet for Reduced Vertical Separation Minimum (RVSM)-approved aircraft between flight levels 290 and 410, each altitude that is a multiple of 1,000 between 29,000 ft and 41,000 ft represents an operational flight level. The implementation of RVSM was supported by an extensive safety assessment (FAATC 2004b) and supporting data collection process (FAATC 2004a) .
Finally a longitudinal separation minimum is applied to in-trail aircraft to keep aircraft separated front to back. The current longitudinal separation standard is 50 NM for aircraft designated RNP-10 (Required Navigation Performance-10) and 30 NM for RNP-4, however the application of the lesser separation standard is likely to be limited by the ATC infrastructure in the particular portion of airspace in question (ICAO 2004 , Kiely 2004 . RNP standards are discussed below in more detail.
The minimum separation standards are used to ensure safety while allowing for efficient operation. These standards are developed through safety assessments. An important part of safety assessment is collision risk modeling. A mathematical Collision Risk Model (CRM) estimates the potential number of collisions, taking into consideration characteristics of the airspace such as track spacing, the nature of error distribution, and traffic flows (Moores 2000) .
The potential for collision is affected by the traffic density and distribution amongst available tracks, separation standards in effect, navigational capability of individual aircraft, and possible sources of error in navigating, among other factors. The introduction of new technologies in communication, navigation, and surveillance-such as Controller-Pilot Data Link Communications (CPDLC), satellite navigation, area navigation (RNAV), and Automatic Dependent Surveillance (ADS) -has positive effects on the lateral overlap probability and other components of the collision risk model (CAA New Zealand 2000) .
The establishment of Required Navigation Performance (RNP) reflects an increase in navigational accuracy. Aircraft are designated RNP when they can prove that they meet the specified degree of accuracy. RNP-10 aircraft are required to operate within a 10 NM horizontal radius of the expected track position 95% of the time. A combination of systems may be used to achieve RNP status (CASA Australia 1998 , CAA New Zealand 2000 . Area navigation (RNAV) systems can be developed to support RNP operations, resulting in improved navigational performance (Nakamura 2000) .
The current lateral separation standard for most of the Pacific airspace is 50 NM for aircraft designated RNP-10. Research is currently underway to implement 30 NM lateral separation standards for qualified flights, those designated RNP-4, in portions of the Pacific airspace where the required support system is in place (ICAO 2004) . The Advanced Technologies and Operational Procedures (ATOP) system is designed to support Oakland and Anchorage ARTCCs in the implementation of 30 NM lateral and longitudinal separations (FAA 2003) . The current work in progress is one reason why reduction in lateral separation has such an important role in this research.
New communication equipment and increased navigational capability are some of the advances that render the implementation of 30 NM lateral separation safe (Kiely 2004) . However, it is important to consider the combined effect of varying inputs on the overall risk of collision. This paper considers different scenarios of reduced lateral separation between tracks, increases in traffic density, and changes in traffic allocation patterns to determine the effect on lateral collision risk while taking into account the effect of improved navigational capabilities. The system is limited to the NOPAC and PACOTS routes in the oceanic airspace, excluding traffic to and from Hawaii or the South Pacific, and excluding the domestic portion of flights.
BACKGROUND
The Reich Collision Risk Model, developed by Reich (1964) has been used to evaluate collision risk and perform numerous safety assessments approved by ICAO. Many sources recognize the Reich model for its contribution and wide acceptance in the aviation industry (Smith et al. 1999 , Blom and Bakker 2002 , Shortle et al. 2003 . Most recently it has been used in the determination of RVSM feasibility and lateral offset safety (Nagaoka and Amai 2003, FAATC 2004b) .
We modify the Reich model as shown by Eq.(1) in order to calculate the expected number of aircraft accidents per flight hour due to loss of lateral separation. It should be noted that one collision between two aircraft is counted as two aircraft accidents. The parameters used in Eq.(1) as defined in (N.S. MWG 1996 , Moek et al. 2001 , FAATC 2004b are.
N ay
The expected number of accidents per flight hour due to the loss of lateral separation S y
The lateral separation standard, which is assumed to be consistently applied along parallel tracks P y (S y ) The probability of lateral overlap of aircraft nominally flying on laterally adjacent paths
The probability of vertical overlap of aircraft nominally flying at the same flight level λ x
The average length of an aircraft λ y The average width of an aircraft λ z
The average height of an aircraft Sx A parameter used in the calculation of E y values
The expected number of same direction aircraft flying on laterally adjacent tracks at the same flight level within segments of length 2Sx centered on the typical aircraft E y (opp) The expected number of opposite direction aircraft flying on laterally adjacent tracks at the same flight level within segments of length 2Sx centered on the typical aircraft
The average relative along-track speed of two aircraft flying at the same flight level in the same direction In practice, the lateral and vertical components of collision risk are calculated separately and each risk estimate is compared to a Target Level of Safety (TLS) of accidents per flight hour. The application of the Reich CRM involves many different parameters that require various procedures for estimation. The three types of parameters required are: physical properties and operational performance of the aircraft population, occupancies, and overlap probabilities. The physical properties and operational performance characteristics are usually determined from established statistics of the types of aircraft present in the region being studied. On the other hand the occupancies and overlap probabilities are generally the result of traffic levels and actual airspace usage and so are usually estimated from a combination of modeling and analysis of collected data.
The actual application of the Reich model would be very simple if all parameters are known or easily calculated from existing data sources. However this is rarely the case and often adjustments are made to the general formulas to account for particulars of track arrangement and airspace usage, and/or estimations are made for unavailable input values. One instance of such modifications can be seen in Moek et al. (2001) , where the term for opposite direction traffic is dropped, and the remaining term is split into three parts to account for the differences in track spacing and arrangement. Even though these adjustments may result in different practices for different studies, the Reich model functions as the common starting point and makes it possible to compare the results of such studies.
NPACE Study
The purpose of the North Pacific Airspace Cost Effectiveness (NPACE) Study is to investigate future changes to the North Pacific airspace. This is accomplished with the use of a simulation program consisting of distinct modules (FAATC and Rutgers 2005a, FAATC and Rutgers 2005b) which use weather data, track definitions, and aircraft specific profiles as input. The NPACE simulation can be modified to consider changes to the route system and distribution of flights as well as the flights themselves which makes it very well suited to providing a dynamic system to which the CRM can be applied.
First, extensive analysis is performed on collected flight data to determine distributions of important characteristics of the oceanic flights. This input is then used in the generation of simulated flight events by the Flight Event (FE) program. A Flight Planning (FP) algorithm uses the information in flight events along with known fuel burn characteristics to first calculate the optimal track for each flight based on fuel consumption. The second step in FP is to find the optimal altitude combination along the selected track for each flight event. Finally the Flight Tracking (FT) program resolves conflicts between flights, first at the oceanic entry point and again en-route by adding an initial delay (only at the entry point) or adjusting the flight to another flight level to resolve the conflict. Conflicts are detected based on the defined separation standards for a scenario and specific characteristics of the flight events involved.
In this research simulation is used to explore different scenarios of reduced lateral separation in addition to other changes. The performance measures of the system for different simulated scenarios are then evaluated (FAATC and Rutgers 2005a, FAATC and Rutgers 2005b) .
PROBLEM APPROACH AND METHODOLOGY
The NPACE simulation is a good starting point for risk assessment because it models the system of flights in the Northern Pacific according to stated parameters. Information which defines the position of each flight at several pre-specified waypoints along its route is recorded after running the FT program. It should be noted that due to limited in-flight ATC options of changing FL but not speed or track, the separation between simulated flights is not perfect and the system may include occasional flights with longitudinal separation less than the minimum requirement. The information from the NPACE simulation run for certain parameters is transferred to original programs for analysis to build a collision risk model for the system under the same parameters.
As mentioned earlier, the 50 NM lateral separation standard is currently in place for most traffic and 30 NM is in the process of being implemented in some portions of the airspace. In the current track definitions it is assumed that pairs of tracks determined to be "close" were assumed to be separated by 50 NM although this is not always true due to variance in creating the tracks.
The vertical separation standard is 1,000 ft however there is a general convention in air traffic control that eastbound flights use odd flight levels (290-410) and westbound flights use even flight levels (300-400). Although this standard is only a convention in practice, it is implemented as a logical rule in the simulation for easier programming and more efficient run times.
As a result, opposite direction traffic is not seen at the same flight level (FL) on adjacent tracks and this has implications in the calculation of lateral occupancy. Also, traffic heading the same direction on a given track is separated by at least 2 FL (two samedirection flights are considered on "adjacent" flight levels if they are separated by 2 FL) and opposite direction traffic is separated by 1 FL. These have obvious implications in the same and opposite direction vertical occupancy, respectively.
The longitudinal separation standard applied in the Flight Tracking portion of the simulation model depends only on the RNP designations of two in-trail flights; the standard is 30 NM for flights designated as RNP-4 and 50 NM for both RNP-10 flights or one RNP-4 and one RNP-10. Thus by changing the percent of traffic designated as RNP-4, the application of longitudinal separation standards in the simulation is affected.
Scenarios considered in this research are combinations of different levels of three parameters: traffic density, lateral (track) separation, and traffic composition in terms of RNP designations. The traffic density is expressed as an average number flights per day on the tracks systems under consideration; this value is forecasted to increase over five simulated years. The minimum lateral separation standard is reflected in the definition of tracks by latitudes and longitudes of individual waypoints along the tracks. The current track definitions are assumed to represent 50 NM lateral separation, and new track definitions are created to represent the reduced 30 NM lateral separation, as described below. Values of 0%, 50%, and 100% are used to represent traffic compositions of all RNP-10, half RNP-4 and half RNP-10, and all RNP-4, respectively. 
Collision Risk Model Parameters
Most of the parameters of the CRM are obtained from current and past analyses of the North Pacific or similar regions. The two exceptions that must be estimated separately are the overlap probabilities and lateral occupancy which are discussed later.
The physical properties of representative aircraft (average length, width, and height) are discussed in Nagaoka and Amai (2003) The average longitudinal passing speed of same-direction aircraft assigned to different routes is 21 knots, obtained from ICAO (2001) , the average lateral passing speed of aircraft assigned to different routes is 42 knots, obtained from Moek et al. (2001) and the average vertical passing speed of aircraft assigned to the same flight level is consistently estimated to be 1.5 knots in many studies (N.S.MWG 1996, Moek et al. 2001 , Nagaoka and Amai 2003 , FAATC 2004b . Finally, the parameter S x which is used in the calculation of lateral occupancy is defined as 120 NM as in previous analyses.
None of the CRM parameters mentioned thus far is expected to change in any of the scenarios presented. The two essential parameters used in the Reich model for the collision risk in the lateral dimensions are the probability of overlap for adjacent aircraft and the lateral occupancy of the routes. The approaches used in estimation of these two parameters are therefore important for the adaptation of the Reich model.
Overlap Probabilities
Whereas the occupancy parameter is estimated by observing the pattern of simulated flights that are made to follow the rules of a scenario, the overlap probability is more abstract in that it attempts to predict the behavior of each aircraft in terms of deviations from the route centerline. By modeling the expected behavior of each aircraft, we can state the probability that two aircraft flying nominally adjacent are in fact in overlap in a particular dimension.
For the lateral CRM two overlap probabilities are required: the probability of lateral overlap of aircraft nominally flying on laterally adjacent paths, and the probability of vertical overlap of aircraft nominally flying at the same flight level. This research focuses on the former, since it can be defined in relation to RNP designations and is very important in the expected number of accidents per flight hour due to loss of lateral separation. Methods of estimating both probabilities are explored.
Lateral overlap is affected by navigational performance and an effort is made to build the lateral overlap probability with influence from advancements in communications and navigational capability, which are reflected in the introduction of Reduced Navigational Performance (RNP) and area navigation (RNAV) capability. An aircraft area navigation system developed for RNP operations provides specific RNP RNAV capabilities which are used here to help define the lateral path keeping error distribution. Figure 1 illustrates the containment limits suggested in Nakamura (2000) by a performance standard for RNP RNAV, which includes accuracy of 99.999% at 2×RNP, developed by RTCA (Radio Technical Commission for Aeronautics) Special Committee 181 and EUROCAE (European Organization for Civil Aviation Equipment) Working Group 13. The following discussion demonstrates how the lateral overlap probability is estimated. In this example, the P y (S y ) is found for two adjacent RNP-4 flights separated by S y = 30 NM tracks. performance of an aircraft (mainly affecting the "core" of the distribution), and ( ) tail f y models the performance during an atypical error (mainly affecting the "tails" of the distribution). Correspondingly, the weighting parameter α is the fraction of flight time during which an atypical error occurs.
We note that the probability of lateral overlap between two aircraft with width λ y on tracks nominally separated by S y can be written as the integral: 
, and the overall probability density becomes a so-called "double double exponential" where λ 1 and λ 2 are core and tail parameters, respectively. This distribution is a common choice for the modeling of lateral deviation (Moek et al. 2001 and Nagaoka and Amai 2003) due to its relatively thick tail, which contributes towards the probability of lateral overlap and therefore makes the model more conservative.
To determine the parameter for the "core", or normal operating density, we apply the performance standard of RNP RNAV, which indicates that an aircraft will remain within the containment limit distance with accuracy of 99.999%. The limit is 2×RNP and in this case we consider RNP-4, so we use the distance 8 NM. Applying this rule to the double exponential distribution yields the following equations. 
Taking (1-the equation above) yields:
Take the tail density parameter, λ 2 , to be the distance in NM between adjacent routes, which in this case is 30 NM. This method maximizes the calculated probability of overlap therefore making the overall collision risk estimate conservative. The weighting parameter α uses an estimate of (Moek et al. 2001 ).
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From the approximations of P y (S y ) above we obtain an expression to evaluate the probability of lateral overlap:
and using the above expression, the estimate of lateral overlap probability P y (30) for two RNP-4 aircraft is . Sensitivity analysis reveals that the estimate is more sensitive to the weighting factor α than the value of λ 2 .
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1.86×10
Since the RNP and S y parameters are used in the calculation of lateral overlap probabilities, different values are obtained for every combination of lateral separation standards, S y =50 NM and S y =30 NM, with various pairings of RNP types. Table 2 presents the values by RNP type pairing and track separation, S y . The values for the mixed RNP situation are an average of the RNP-10 and RNP-4 values for the same S y . These probabilities are used in an adaptation of the CRM described later. Finally, the vertical overlap probability is obtained by assuming that the vertical deviations follow a certain distribution with distribution parameters characteristic of a B747-400 aircraft which results in probability value of 0.8695.
RNP types of flight

Occupancy Estimation
Occupancy values for the CRM are calculated from an original program designed to work seamlessly with the current work of the NPACE study. The first step is to arrange all flight information in arrays so that lateral occupancy values for a given scenario can be estimated from simulated flight data. The estimation of lateral occupancy is carried out using the method of "direct estimation from time at waypoint passing" described in Appendix B of Moek et al. (2001) . This standard approach relies on the snapshot principle to assert that due to random effects an aircraft pair is either laterally proximate throughout the oceanic flight, or not at all.
The specific method utilized in the program is detailed here. A preliminary step is to cycle through all flights to find which tracks are used, and run a pair by pair comparison of the tracks to calculate the average separation between them. If the separation of a track pair is less than a specified level, the pair is designated as a "pair of interest". The steps shown are performed for each of the first seven waypoints along a track and the average number of proximate pairs is calculated over the seven values. This calculation is performed using a FORTAN program and is referred to as RC values.
• For each track pair of interest:
o Consider a waypoint on one track (point 1) o Calculate the location of a point (2) on an adjacent track along a perpendicular o For every flight passing through point 1:
Consider the time the flight reaches point 1 and its FL If a flight passing through point 2 has the same FL, calculate the times it enters and leaves the window defined by a distance S x before and past point 2 If the time of the flight reaching point 1 falls within the times calculated, the two are considered to be a laterally proximate pair Lateral Occupancy is calculated as twice times the quotient of the total number of laterally proximate pairs of aircraft and the total number of aircraft on adjacent tracks. Only the same-direction lateral occupancy is calculated because the even/odd flight level convention ensures that no opposite direction traffic will occur on the same flight level of adjacent tracks. Therefore the parameter E y (opposite) is equal to 0 when the even/odd convention is applied.
Since the lateral occupancy is calculated from a system of simulated data, changes to the system of flights or scenarios of flight operation will affect the value output. It is also possible due to randomness in the simulation that the occupancy may vary greatly by different runs, represented as days of flight events, within a scenario.
PAIRWISE COMPARISON METHOD
The proposed Pairwise Comparison method (PWC) of analyzing the system of simulated flights is based on a pair by pair analysis of the entire system. Information gathered from this analysis provides a more accurate estimate of the occupancy, adapts the Reich model to a mixed ADS environment, and calculates the least distances attained between each pair of flights, which is an alternative subjective means of evaluating the risk of collision.
The justification behind the PWC method is that application of the Reich model can be improved by using more detailed information about flight behavior rather than assuming one value, or using an average, for all flights in the system. By considering the conditions of every possible pairing of flights, the accuracy of analysis is improved over the current methods because more information about flight behavior is made available.
Theoretically, in the Pairwise Comparison method, the contribution to overall risk of each and every unique pair of flights is considered in the analysis of the system. However it becomes apparent that when the target of the assessment is the risk of collision due to loss of planned lateral separation, this risk is negligible between two aircraft traveling on tracks which are not laterally adjacent. Since the two flights do not contribute to the overall risk, PWC analysis of such pairs is unnecessary. In fact, analysis is performed only on pairs of flights which are traveling on laterally adjacent tracks with at least some common period of time spent traveling through the oceanic airspace. The following procedures are all performed using a FORTRAN program.
Proximity Calculation and Utilization
The first benefit of PWC is that the current method of occupancy estimation using the snapshot principle can be improved by considering the relative movement and resulting proximity between two aircraft along the entire oceanic flight, and not just at some discrete points. The method in Moek et al. (2001) uses the relative positions of aircraft as they pass fixed points in space to determine the rate of occurrence of pairs being longitudinally proximate. In this paper snapshot method is extended to perform the calculations at seven fixed waypoints through the track system, and calculate the average over the waypoints to improve the accuracy of the occupancy estimation by including more information.
The PWC method continues this trend of adding more information to improve the estimation by continuously analyzing and monitoring the relative positions of two aircraft at every point along their flight paths to determine the portion of time the two aircraft spend in proximity compared to their time in the oceanic airspace.
The PWC algorithm considers the relative position of two aircraft over time and uses pairs of perpendicular reference points on adjacent tracks to determine the longitudinal distances between the aircraft. For two aircraft to be considered proximate at some point in time they must be separated by 120 NM or less in the longitudinal direction and have matching flight level patterns, where an FL pattern is defined by a flight's FL at the start and end of a segment. The total time in proximity for each pair is the sum over all track segments of individual time periods in which the aircraft are found to be proximate.
The procedure used in calculating the time in proximity for all pairs of flights on adjacent tracks is described as follows:
• For each pair of flights on adjacent tracks:
o Identify segments in which the flights have matching FL at the start and matching FL at the end of the segment o In each of these segments:
Use a perpendicular to the track segment to determine the relative longitudinal distance at any given time Search within the segment for the start and end times (if any) of the flights being proximate Calculate the time in proximity o Sum the time in proximity over all segments Each flight pair has a certain time in proximity which can be utilized as a more useful measure, the portion of flight time over which the two flights are proximate. This is accomplished by dividing the time in proximity by time the flights have in common traveling in the oceanic airspace. The output proximity ratio estimates how often a pair is seen as proximate, which also conveys how often that pair is expected to be counted as a proximate pair. Table 3 provides a sample output and illustrates how the proximity ratio estimates the expected number of occurrences as a proximate pair. From probability theory, the sum of independent expectations equals the expectation of the sum. Therefore, the sum of the proximity ratios is an estimator for the average number of proximate pairs which is multiplied by 2/(number of flights on adjacent tracks) to obtain the lateral occupancy measure. Verification of the proximity calculation is achieved by matching each unique pair between outputs of the two methods, and comparing the proximity ratio for the pair calculated by the PWC program and its rate of occurrence as proximate pair in the risk calculation output, using the snapshot method. Trends in the relationship of the two measures are also observed, and results are given in next section. Although the PWC proximity method is more limiting in identifying matching flight levels along segments and therefore calculates a lower measure of occupancy than the snapshot method, it is rendered more accurate by making use of position information along the entire flight instead of a limited number of fixed points.
Pair of
Linear Combination of Reich Model Parameters
The Reich CRM estimates the risk of collision for a system consisting of many flights with different characteristics. To account for differences between flights in the system, the standard model uses average values for its parameters. It is important to note that some of these parameters are related to flight attributes. Two flight attributes which clearly affect model parameters are aircraft type and RNP designation.
The underlying concept of Pairwise Comparison is extracting information relating to the risk of collision for each unique pair of flights and, by assuming the individual risks are independent, summing them to obtain the overall risk in the system. By applying this concept, more detailed information can be provided to the CRM about the pairs contributing to the overall occupancy value with significant proximity times as well as their flight attributes. Therefore, the accuracy of the Reich model is improved with the additional information about pairs, especially attributes which affect model parameters.
In achieving this goal, the Reich model is modified to be a linear combination of parameter inputs associated with certain flight pair attributes and corresponding portions of the lateral occupancy. In this case, the flights attributes are RNP types, and the related model parameter is the probability of lateral overlap. However, the notion of linearly combining attribute-related parameters may also be applied to parameters such as aircraft dimensions and average speeds, which are associated with different aircraft types.
To carry out this method, the proximity information for each pair is taken, along with the RNP designation of each flight in the pair. Pairs with similar RNP attributes (both RNP-4, both RNP-10, or mixed) are grouped together. The proximity ratios for all pairs are summed over each group, and these fractions of occupancy are multiplied by parameters according to the attributes of the group. The three parts are then summed to arrive at an estimation of overall risk for the system.
To illustrate this method, let A 1 equal a lateral occupancy measure calculated using the sum of proximity ratios over proximate pairs with both RNP-10 flights. Likewise define A 2 and A 3 as occupancies calculated using ratios from proximate pairs with mixed RNP types and both RNP-4 flights, respectively. It follows that A=A 1 +A 2 +A 3 is the overall lateral occupancy measure that would be used in the standard Reich model. Now define B 1 , B 2 , and B 3 as lateral overlap probability values for two RNP-10 aircraft, one RNP-10 and one RNP-4, and two RNP-4, respectively.
The standard Reich CRM can be written as N ay =A×B×C, where B is some general lateral overlap probability -perhaps a weighted average of B 1 ,B 2 , and B 3 while C is a product of the remaining parameters,
The revised linear combination model is N ay =(A 1 ×B 1 +A 2 ×B 2 +A 3 ×B 3 )×C. Each portion of lateral occupancy is matched up with the appropriate lateral overlap probability, according to the pairing of RNP types.
Linear combination of attribute-related parameters is specifically useful in this case to allow investigation of a mixed-RNP environment. More accurate values are applied rather than using one value or a weighted average. In the defined scenarios, 50% RNP-4 models a mixed-RNP environment with half of the traffic designated RNP-4 and half RNP-10. The linear combination modification of the Reich model may also be useful in systems with mixed populations of other important attributes.
Least Distance Observations
For each flight, the least distance to any neighboring flight is observed by careful analysis of the relative movement of each pair of flights, including those on the same track. The reasoning behind this approach, as a step beyond an analysis of the overall system and average behaviors, is that it allows an assessment of the occurrences which represent the point of maximum risk between two aircraft.
These points of maximum risk and smallest relative distance are found by first considering that at any point along its path, a flight can have three neighboring aircraft at the same flight level: in front or behind on the same track, or on a laterally adjacent track. In this process only flights traveling on a track that is part of an adjacent pair are included. Given a segment, or portion of flight path between two fixed waypoints, the least distance is found between a flight and each of its three closest neighbors and the least of these three is taken as the value for that segment. The same calculation is made in each segment along a flight so that the least value amongst all segments is taken as the final result of the smallest distance that a flight experiences with all possible neighboring flights.
• • Calculate positions and relative distance; start with times entering and leaving the segment • Repeat this search using different time values within the segment until least distance is found • Compare distances for A, B, and C; take least for that segment o Take least distance over all segments to get record for each flight
The actual calculations in determining the minimum relative distance between two given flights at any point in time at which they have corresponding flight levels are fairly simple for flights on the same track, since they must travel in-trail across a segment without passing. However, the case of neighboring flights on an adjacent track is more complicated and a search algorithm is used. By taking into consideration the position of flights along their respective flight segments, at any given time the exact locations of two flights can be produced, which leads to the relative distance between the flights. So the entry and exit times of one flight onto the focal flight segment are found, and a search is executed between them to find the exact point in time that corresponds to a minimum relative distance between the flights on adjacent tracks.
The least relative distance observations are sorted into "bins" of 5 NM for each simulated day, and the data is concatenated to generate an overall histogram of distances for all runs in a scenario. This information can also be interpreted to estimate the percent of flights that will encounter another flight within a certain distance. Trends in the shape of the distribution of these histograms are discussed in the next section.
SIMULATION RESULTS
The simulation scenarios performed are defined by three factors: traffic density increasing with forecasted years, percent of flights designated RNP-4, and lateral track separation, achieved by the use of either current tracks or newly generated, 30 NM separated, tracks. Weather data is used in the generation of new 30 NM separated tracks. These new tracks are referenced in the FP and FT programs, which are part of the simulation model used in the NPACE study. Scenario parameters are used as input to the FT program, and the flight data output is analyzed by two programs leading to a collision risk estimation combining different model parameters discussed. The simulation results are divided into the estimation of occupancy, collision risk estimates, and least distance observations.
Occupancy Estimation
Two methods of estimation are used in calculating a value for the occupancy parameter. It has been argued that the sum of proximity ratios, from Pairwise Comparison (PWC), is a valid estimator for the average number of proximate pairs found by the program (RC). The estimates are now compared to check if they fall within reasonable range of each other. There is a correspondence between the measures when tracing individual pairs for a given day; however we are more interested in the overall value for a day which is used to obtain the occupancy parameter for the CRM.
The expected number of proximate pairs from the PWC method is obtained for each day and compared with the average number of proximate pairs over 7 waypoints from the RC method by taking the percent difference: 100% (RC-PWC)/PWC × . Figures 2 and 3 present the values for 22 simulated days in the years 2005 and 2010, respectively. The percent differences from the six combinations of scenario parameters are presented in six lines to illustrate any trends between scenarios. The data for these two years is presented because each has 22 simulated days whereas the remaining years have 5 days each. It is clear that most of the percent difference points lie to the right of 0%, meaning that RC estimates are generally higher than PWC estimates. This is expected due to the difference in the methods using a point or segment in the determination of flights being on the same flight level, as explained previously.
2005: Percent Differences in Estimation
The percent difference is calculated by dividing by the PWC estimate to avoid a few cases where the RC estimate is 0 and the PWC estimate is positive. Since the RC estimate is generally greater, these values are higher than if the RC estimate were to be used in the denominator. Even so, the majority of percent differences are generally within an acceptable range to indicate the two methods are indeed estimating the same value, but not returning the same answer.
In the year 2010 data it appears that the points of greater percent difference between scenarios using the current tracks and new tracks assimilate to the rest of the data. This change indicates larger differences between the estimates are resolved. Otherwise no obvious patterns in percent difference along scenario parameters are evident. This indicates that the proximity ratio estimate is unbiased compared to the snapshot method used in RC.
Collision Risk Estimates
The estimation of collision risk is carried out by combining model parameters with lateral overlap probabilities and occupancy estimates for every combination of scenario parameters and implementing a linear combination arranged by RNP type pairing as discussed. An average of the PWC and RC estimates is used to calculate occupancy because the PWC method is expected to be more accurate yet the RC estimate is more conservative in producing a higher occupancy value. A risk estimate is calculated for each day, and Table 4 3.30E-10 2.94E-10 5.30E-10 5.21E-10 5.54E-10 50% 3.28E-10 3.00E-10 5.28E-10 5.25E-10 5.23E-10 Current Tracks 100% 3.27E-10 3.02E-10 4.96E-10 5.33E-10 5.37E-10 0% 5.73E-10 8.54E-10 9.59E-10 8.38E-10 8.32E-10 50% 5.28E-10 7.61E-10 8.08E-10 7.51E-10 6.56E-10 New Tracks 100%
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Standard Deviations in Collision Risk
Note that the standard deviation in risk estimates is lower for the years with 22 days because a more accurate estimate of the average can be obtained compared with only 5 days. Also, higher variance of risk estimates in scenarios using the new tracks may be attributed to effects from changes in traffic allocation as the new tracks are made available, which can vary greatly between days. The risk estimates are averaged over 22 days for years 2005 and 2010, and over 5 days for the remaining years. Table 5 presents the average estimated collision risk due to loss of lateral separation for all scenarios, and Figure 4 illustrates the relationships of these values across scenario parameters. 0% 3.09E-10 3.55E-10 4.13E-10 3.52E-10 4.57E-10 50% 2.98E-10 3.55E-10 4.11E-10 3.54E-10 4.51E-10 Current Tracks 100% 3.08E-10 3.57E-10 4.55E-10 3.68E-10 4.60E-10 0% 8.80E-10 1.01E-09 1.24E-09 1.33E-09 1.54E-09 50% 8.01E-10 9.02E-10 1.10E-09 1.17E-09 1.32E-09 New Tracks 100% 6.88E-10 7.86E-10 9.64E-10 1.04E-09 1.16E-09 The most obvious observation from Figure 4 is that the risk estimates for all scenarios using the new tracks are greater than those using the current tracks. This increase is due to the larger lateral overlap probabilities and increased occupancy values in the new tracks scenarios. The risk of collision tends to increase with increase of traffic density in forecasted years, although there is some fluctuation in the current track scenarios which may be attributed to fewer runs in the three latter years.
The percent of RNP-4 traffic does not seem to have much effect on risk in the current track scenarios. However, the estimation of risk tends to consistently decrease with increases in the percent of flights designated RNP-4 when the new tracks are used in simulation. Note that the accidents per flight hour is greater than any of the risk estimates and is not shown on the graph.
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TLS=5×10
Least Distance Observed The least distance to any neighboring flight is found for each flight on an adjacent track pair, and those distances less than 200 NM are arranged into 5 NM bins. This process is repeated for each simulated day in a forecasted year, and the summation over all days is obtained. Figures 5 and 6 are histograms of the least distance observations for the simulated year 2005 using current tracks and new tracks, respectively. These distributions represent the percent of flights that approach the point of maximum risk as related by their relative distance to another flight. The graphs illustrate instances of aircraft at their maximum risk points and it is clear from the shape of the distributions that a higher percent of traffic approaches another flight within a given small distance, for instance between 50 and 55 NM, when new tracks are implemented when compared with the current tracks. The frequency in most bins appears to increase, but more importantly the shape of the distribution changes as the left side increases more than the right.
Current Tracks
The change in the distributions is quantitatively expressed by considering the percent of total distance counts falling under 70 NM, which can be interpreted as the weight of the distribution to the left of the 70 NM bin. This percent is 34.9 for the first graph with current tracks and 42 for the second, with new tracks. This change implies an increase of about 20% in likelihood of maximum "closeness" of aircraft when the new track system is implemented.
Qualitatively it is observed that more flights tend to approach a neighbor at smaller distances. This implies that risk increases with new tracks, as has been observed from Figure 4 . Finally, the graphs depict that only about 10-15% of flights approach a neighbor within 50 NM. This small percentage encompasses the flights that would appear to be in maximum risk situations and contribute significantly to the risk of collision.
CONCLUSIONS
The NPACE study simulation provides an opportunity to model an entire system of flights across the Northern Pacific airspace and gather information to allow a detailed collision risk assessment. For this assessment the Reich collision risk model, a widely used and accepted method of risk assessment in the air traffic industry, serves as a foundation.
The Pairwise Comparison method introduced in this research enhances the Reich CRM in three distinct ways. The techniques developed in the PWC method provide more accurate estimates of the lateral occupancy, propose a linear combination of model parameters to allow inclusion of RNP-specific parameters, and introduce a new measure for the subjective evaluation of risk, namely the distribution of least distances observed.
The proximity ratio approach introduced by the PWC method is a more accurate estimator of occupancy than the standard approach using the snapshot principle. By using more information about flight position along path, the PWC proximity ratio can be seen as an extension of the snapshot method, from discrete sampling to continuous monitoring of a flight pair's relative position. The proximity ratio also proves to be a valid estimator, within an acceptable range and unbiased with respect to scenario parameters.
Applying a linear combination of parameters in the Reich CRM allows more detailed information about the system to be used in calculating an estimate of collision risk. In a mixed RNP environment, the difference between individual pairs becomes very important. Matching the lateral overlap probability, which is affected by RNP-type, to portions of the overall occupancy by RNP-types of proximate flight pairs makes the estimate more realistic.
An increased percent of RNP-4 aircraft decreases the risk of collision directly through decreased lateral overlap probabilities and affects the risk less significantly through the lateral occupancy measure, which is influenced by decreased longitudinal separation standards. Therefore, it is important to use more accurate estimates of the overlap probabilities which are tied to portions of occupancy. Without using the accurate estimate of the lateral overlap probabilities for each set of RNP combinations the risk estimate is likely to be less accurate.
The analysis of least distance observations represents a new subjective assessment of risk. The distribution of observation frequencies in bins less than 70 NM increases by 20% when new tracks are used in place of the current tracks. It is also noted that only 10-15% of flights observe another flight within 50 NM at any point along their path, and this small percent of traffic represents the great majority of instances of maximum collision risk, with significant contributions to the overall collision risk in the system.
Through application of the PWC methods with the Reich CRM to estimate the expected number of collisions due to the loss of planned lateral separation, it is noted that risk increases with forecasted years. This increase is expected due to higher traffic levels and increased congestion. The estimated risk also increases with new tracks due to the smaller lateral separation of 30NM. However it does not increase so much as to exceed the TLS; therefore this limited risk assessment would conclude that 30 NM is an acceptable lateral separation standard.
The risk assessment makes it very clear that by having more flights with RNP-4 designation and supported by careful management of airspace operations to reduce lateral navigational errors, the enhanced navigational accuracy results in lower lateral overlap probabilities which lead to lower estimated risk in all scenarios. The percent of flights with RNP has a more significant difference of decreased risk within the new track scenarios, which indicates that it is an important factor in future scenarios of reduced lateral separation. 
